It is well known that the electric and thermal conductivities of materials depend largely on their crystal orientation. Meanwhile, the imposition of a high magnetic field is a very effective method of obtaining highly crystal-aligned structures. Recently, thermoelectric materials, that is, materials which can directly convert electrical energy to thermal energy and vice versa, have attracted significant attention for their potential uses in solving environmental problems.
Introduction
When different temperatures are imposed on two different planes of a thermoelectric material, an electric voltage known thermo-electromotive force is induced between the two planes. This phenomenon is called the Seebeck effect, and the reverse phenomenon, in which a temperature difference between two planes appears when a voltage is imposed on both planes, is called the Peltier effect. By using thermoelectric materials, electric energy can be generated and substances can be cooled without emitting greenhouse gases. To increase the utilization of thermoelectric materials, a higher conversion efficiency of thermoelectric energy, which is indicated by a higher figure of merit Zð¼ 2 =Þ, is required. That is, a higher Seebeck coefficient, , lower electric resistivity, , and lower thermal conductivity, , are the desirable physical properties to effectively convert thermal energy to electric energy and vice versa. 1) Bi 2 Te 3 is a thermoelectric material known to have crystal anisotropy such that the efficiency of the thermoelectric conversion of Bi 2 Te 3 depends largely on its crystal orientation. 2) In this regard, a single crystal of Bi 2 Te 3 is most desirable, even though it has the disadvantage of low mechanical strength. On the other hand, although pulsedischarge sintering (PDS) can improve mechanical strength and provide fine-grained crystals which lead to lower thermal conductivity due to grain boundary scattering, 3) it cannot fabricate the highly aligned polycrystals which are necessary to reduce the electric resistivity of Bi 2 Te 3 .
Recently, it has been recognized that a high magnetic field can be used effectively to control the texture of materials. 4) Additionally slip casting is well known to be a useful method of fabricating ceramic compacts with fine-grained crystals. 5) In the present study, the thermoelectric material Bi 2 Te 3 was fabricated with highly aligned fine crystals by performing slip casting under the imposition of a high magnetic field, followed by PDS. The maximum obtained value of the figure of merit was as high as 1.3 at 323 K in the present Bi 2 Te 3 compact.
Experimental Methods
When crystals with magnetic anisotropy are submerged in a high magnetic field, they rotate to reduce magnetization energy, which depends on the magnetic susceptibility of each crystal orientation. The magnetization energy of materials submerged in a magnetic field is given by eq. (1).
where B is the imposed magnetic field, the magnetic susceptibility, and 0 the permeability in a vacuum. The magnetic susceptibilities of Bi 2 Te 3 in the a,b-axis and the caxis are a;b ¼ À3:1 Â 10 À6 and c ¼ À5:5 Â 10 À6 , respectively. 6 ) By substituting the values in eq. (1), the relation U c > U a;b is obtained. This means that single crystals rotate so that the c-axis of the crystals will be perpendicular to the direction of an imposed magnetic field, and it is essential that each particle is made of a single crystal. The present experimental apparatus is shown schematically in Fig. 1 . In order to obtain a slurry with fine-grained Bi 2 Te 3 of single crystals, polycrystalline Bi 2 Te 3 powders were milled for approximately 60 min in distilled water with the addition of a dispersant of sodium hexametaphosphate ((NaPO 3 ) 6 ). A vessel containing the slurry was rotated during the slip casting under a horizontal magnetic field of 10T to obtain green samples with uni-directionally aligned crystals.
7) The crystal orientation was examined over a span of 2 from 10 to 60 on the top surface of the green samples by X-ray diffraction (XRD). The micro-structures on the top surface * Graduate Student, Nagoya University and cross-section of the green samples were also examined by scanning electron microscopy (SEM).
Green samples with uni-directionally aligned crystals and those with polycrystalline Bi 2 Te 3 powders were compacted by PDS, and the crystal orientation of the compacts was also examined by XRD and SEM.
In order to measure the Seebeck coefficient and electric resistivity of a sample, it must have a thickness of more than 2 mm, which is thicker than the green samples obtained by slip casting in the present study. To eliminate this problem, the crystal-oriented green samples were piled on a zone composed of polycrystalline Bi 2 Te 3 powders before measurement, and the resultant test piece was placed into a carbon die for sintering by PDS. For comparison, a test piece composed only of polycrystalline Bi 2 Te 3 powders was also prepared and sintered by PDS. The conditions of the temperature and pressure applied for PDS treatment are given in Fig. 2 . From the obtained test pieces, whose diameter was 20 mm and whose thickness was 3 mm, a pillar-shaped specimen of 3 Â 3 Â 13 mm 3 was cut for XRD analysis and SEM observation. Electric resistivity was measured under an electric current imposed perpendicular to the pressing direction in PDS, using a four-probe DC method. The Seebeck coefficient was observed under temperatures differences of 20, 30 and 40 K, which were imposed on the two edges of the pillar-shaped specimen, where the heat flow was perpendicular to the pressing direction in PDS. The three values obtained under the three temperature conditions were averaged and assigned as the Seebeck coefficient.
Thermal conductivity, , is described by the following equation:
where car and ph express the carrier and lattice contributions to thermal conductivity, respectively. The value of ph decreases with decreasing crystal size due to phonon scattering at the grain boundaries. 9) Thus, fine-grained crystals lead to a decrease in thermal conductivity, .
Thermal conductivity, was measured by the laser flash method. Since the thin compact composed of the crystalaligned layer was too thin to be measured by the standard equipment used in this method, a compact composed of crystals which were made by the same procedure as that for the thin compact, except slip casting, was prepared to measure the thermal conductivity. A compact composed of polycrystalline powder was also measured to determine the effect of crystal size.
Results
The XRD patterns of the green samples obtained under slip casting with and without the magnetic field are shown in Fig. 3 . As can be seen from the two XRD patterns, the relative intensities of the (006) pictures indicate that the crystals were highly aligned by slipcasting under the magnetic field, demonstrating that the imposed magnetic field contributes greatly to crystal alignment in the green sample. The XRD patterns of the green sample with aligned crystals and of its corresponding sample by PDS are shown in Fig. 6 . The relative intensities of the (006) plane to that of the (015) plane in the sintered and green samples were almost identical, indicating that the degree of crystal alignment in the c-plane was not changed by PDS. The SEM pictures of the top surface and cross-section of the specimens with randomly aligned crystals and aligned crystals are shown in Figs. 7-10 . Based on the present results, it can be concluded that the method of processing developed in this study is useful for fabricating specimens with uni-directionally aligned crystals.
The SEM picture of a cross-section of the sample composed of the crystal-aligned green layer and polycrystalline powder is shown in Fig. 11 , in which the crystal-aligned Observed plane and non-aligned zones are clearly distinguished. In order to calculate a power factor, P (¼ 2 =) and a figure of merit, Z (¼ 2 =), the Seebeck coefficient, the electric resistivity and the thermal conductivity must be evaluated. The temperature dependence of the Seebeck coefficient of the specimens with and without aligned crystals is shown in Fig. 12 . Throughout the temperature range from 323 to 673 K, the specimens show n-type semi-conductors, indicated by the negative values of the Seebeck coefficient, which do not depend on crystal alignment. This is a reasonable result, since the Seebeck coefficient of a single crystal scarcely depends on crystal orientation.
2)
The electric resistivity, , of the composite zones can be expressed as eq. (3) on the basis of a parallel electric circuit rule:
where S a , S n and S are the cross-sectional areas of the crystalaligned zone, the non-aligned zone and the total zone, respectively, a , n and are the electric resistivity of the respective zones and L is the length of the samples. The electric resistivity of the crystal-aligned zone, a , was calculated by substituting n and obtained in the experiment and the measured values of S a , S n and S into eq. (3). The temperature dependence of the electric resistivity is shown in Fig. 13 . The electric resistivity of Bi 2 Te 3 was reduced by aligning crystals in the a,b-axis orientation. This agrees with the result 2) that the ratio c = a;b of a single crystal is 3.48, that is, the electric resistivity of Bi 2 Te 3 is lower in the a,b-axis than that in the c-axis.
The power factor, P (¼ 2 =) evaluated by substituting the value of the Seebeck coefficient at 323 K as shown in Fig. 12 , and the value of the electric resistivity of the crystal-aligned layer at 323 K as shown in Fig. 13 , is 4:60 Â 10 À3 Wm À1 K À2 , which is nearly identical to the maximum value reported 10, 11) for a single crystal, 4:64 Â 10 À3 Wm À1 K À2 . The temperature dependence of the thermal conductivity is shown in Fig. 14. The specimen with fine crystals has lower thermal conductivity than polycrystalline powder specimen over the whole range of temperature because of phonon scattering at the grain boundary.
The values of the Seebeck coefficient, the electric resistivity and the thermal conductivity at certain measured temperatures in the present study were substituted into the equation, Z ¼ 2 =. The temperature dependence of the dimensionless figure of merit is shown in Fig. 15 . The value Observed plane of the aligned layer is larger than that of the non-aligned layer over the entire measured temperature range and the maximum reference value of the dimensionless figure of merit is 1.3 at 323 K, which to the best of our knowledge is the highest value reported to date for polycrystalline Bi 2 Te 3 .
In addition, it must be noticed that this value is used as a 
Aligned layer region
Non-aligned layer region 1.8mm
1.2mm
Observed plane reference value, because the value of the thermal conductivity obtained in non-oriented sample was adopted.
Conclusions
To fabricate Bi 2 Te 3 materials with highly aligned crystals, we introduced a method of slip casting under a high magnetic field and pulse-discharge sintering (PDS). The following results were obtained:
(1) green samples with highly aligned crystals are obtained by performing a slip casting under a high magnetic field; (2) the degree of crystal alignment in samples sintered by PDS is maintained at the same degree as that in green samples with aligned crystals; (3) a Bi 2 Te 3 compact with aligned crystals was found to provide the lower electric resistivity and a larger power factor; and (4) the maximum reference value of the dimensionless figure of merit obtained in the present study is as high as 1.3 at 323 K.
